As a result of the two recent functional image analysis workshops sponsored by the National In stitute of Mental Health, neuroanatomical issues were identified as a major area of future develop ment. It was agreed that anatomical localization and the validity and quality of data collected re quire a subject's head to be immobilized within the scanner during a study. Furthermore, the location of the head with respect to the position and orienta tion of the PET slices should be recorded. This will aid the definition of the relationship of a subject's brain to corresponding regions on the functional images. In addition, comparisons of repeated studies for the same subject currently require an ac-
V. Anatomical Considerations
As a result of the two recent functional image analysis workshops sponsored by the National In stitute of Mental Health, neuroanatomical issues were identified as a major area of future develop ment. It was agreed that anatomical localization and the validity and quality of data collected re quire a subject's head to be immobilized within the scanner during a study. Furthermore, the location of the head with respect to the position and orienta tion of the PET slices should be recorded. This will aid the definition of the relationship of a subject's brain to corresponding regions on the functional images. In addition, comparisons of repeated studies for the same subject currently require an ac-J Cereb Blood Flow Metab, Vol, 7, No.2, 1987 curate method of reproducibly repositioning the head. For these reasons it was agreed that a suit able headholder apparatus is necessary for PET and SPECT studies.
The design and implementation of head-holding devices for PET and SPECT are a compromise be tween rigidly fixing the head in place and ensuring maximum patient comfort and acceptance. These extremes are represented by rigid fixation of the head within a stereotaxic frame using screws that bore into the calvarium (Greitz et aI., 1980) and holding the head in place on a support cushion with a Velcro strap. Both of these methods may be ap propriate for specific scanning situations; however, we want to develop minimal common criteria for implementing and evaluating proposed and existing headholder devices.
Several headholder systems have been described previously (Kingsley et aI., 1980; Kaufman and Gil denberg, 1980; Bergstrom et aI., 1981; Mazziotta et aI., 1982; Conti et aI., 1982; Olivier et aI., 1983; Kearfott et aI., 1984; Kelly et aI., 1984; Fox et aI., 1985b) . Most if not all devices use a laser-positioning system to align the head to one of the tomographic slices of the scanner. In addition, a number of systems use some portion of a Lucite cylinder rigidly mounted to the scanning couch as the pri mary head support with additional immobilization devices fixed to it.
One device provides rigid immobilization with a bite block and glass fiber mold covering the whole head fixed to an aluminum base plate that is in turn fixed to the scanning couch (Bergstrom et aI., 1981) . This procedure takes -30 min to implement. Conti et al. (1982) demonstrated accurate reposi tioning of a subject's head within a CT scanner using a video system and a padded parabolic head holder, molded from Lucite, with a forehead pres sure pad for immobilization. Mazziotta et al. (1982) have used a Lucite cylinder with the upper surfaces hinged to provide easy access for the head. Cush ioned, adjustable pads on the occiput and bilater ally on the forehead and maxilla provide additional immobilization. Kaufman and Gildenberg (1980) developed a similar device with spring-loaded pres sure pads at the external auditory canals and the nasion. A special feature of their design was the use of electronically monitored, adjustable force trans ducers to control the pressure pads. Kearfott et al. (1984) described a headholder system that leaves the face uncovered and produces a reusable mold for each subject. This is made from a polyurethane resin and catalyst reaction under a thin latex sheet within a hemicylindrical polystyrene shell. The shell is immobilized within a Lucite hemicylinder, the entire procedure taking 10-15 min to imple ment at a cost of approximately $25. Fox et al. (1985b) use an individually molded heat-pliant mask covering the forehead and upper face (except for large openings over the eyes) to provide immobili zation within a Lucite hemicylinder. It is fastened to the headholder with quick-release clasps. A Lu cite plate containing wires spaced at the scanner's slice intervals is mounted on one side of the head holder. It indicates the position of the image slices with respect to the skull on a lateral skull radio graph. Preparing the mask takes 5 min and costs approximately $5. An x-ray unit is required in the PET suite to take the skull radiograph. Kelly et al. (1984) and Olivier et al. (1983) use stereotaxic frames compatible with CT that could be adapted easily for use with PET and SPECT scanners with large enough apertures. These frames allow precise definition of any point in the brain or tomographic system by coordinates in ste reotaxic space. However, the requirement of rigid fixation of these frames with pins into the skull limits their use primarily to patients who are candi dates for stereotaxic surgery.
Many extant headholder systems seem to pro vide adequate immobilization of the head but do not provide a method whereby the relationship of the skull and/or brain with respect to the tomo graphic slices is measured. However, two situa tions must be distinguished. If the only requirement is accurate repeat scanning of a single subject, re positioning to within a few millimeters can be achieved with laser alignment (Conti et aI., 1982) to fixed bony landmarks on the skull. A stereotaxic reference frame such as that proposed by Fox et al. (1985b) is required only if scanning planes must be located with respect to some intersubject brain or skull reference frame for normal anatomy. In this situation other possibilities for establishing such a reference frame are a lateral view (lateral radio graphic image) available from some CT scanners or an MRI image set. While it is common practice in some centers to scan parallel to standard anatom ical reference planes (e.g., canthomeatal (CM) and orbitomeatal lines), Fox et al. (1985b) have noted that these planes do not provide a well-defined in tersubject brain reference system. A subject's head can therefore be allowed to lie in the most comfort able position within the headholder, provided left right asymmetries are minimized, and an auxiliary technique is then used to provide the relationship between the external planes and some brain coordi nate system if required.
No headholder can restrain an uncooperative subject without imposing severe and potentially anxiety-provoking physical constraint of the head. Furthermore, if the subject moves during the course of a study, not only is any localization pro cedure subject to error, but the PET data collection itself may be of questionable validity. All the cur rent headholder designs attempt to eliminate move ment completely by rigidly fixing the head. In some longer studies with extended data acquisition pe riods, a small amount of movement may be accept able, provided the head is constrained to quickly return to a stable resting position.
Some of the difficulties of designing and using headholders are a result of the asymmetrical, non uniformly sampled data sets produced by PET systems. The care currently exercised in reposi tioning heads is required so that axial partial volume effects are reproduced as closely as pos sible. Positioning is critical in this axis because of inadequate sampling and the extended FWHM of most axial apertures. A new generation of scanners with approximately symmetrical three-dimensional resolution volumes and adequate axial sampling (more than three samples per FWHM) would largely remove the need for exact repositioning. This would be achieved because partial volume ef fects, defined as recovery coefficients below the maximum achievable for a given axial resolution, would be almost completely eliminated. With ade quate axial sampling and a matched three-dimen sional resolution volume, accurate three-dimen sional interpolation would become possible. Repeat scan alignment then becomes a question of rotation and translation of stored three-dimensional data sets to coincide with triangulation markers. If markers are placed on the head rather than the head holder, the need for a fixed orientation be tween the head and headholder is eliminated and the only requirement for the headholder is move ment restraint. For repeat scanning the procedure may be further simplified by matching the inner tables of the skulls from two studies (Chen, 1985, workshop communication) .
The following list of ideal criteria for a head holder system is a modified version of a previously published list (Kearfott et aI., 1984) ; (a) minimize head movement throughout the length of the study; (b) maximize patient comfort; (c) permit monitoring of the degree of head motion; (d) allow accurate re positioning for repeated studies in the same sub ject; (e) provide for recording skull and/or brain po sition with respect to position and orientation of the slices scanned; (D be easy and quick to implement; (g) be easily and quickly removable; (h) be inex pensive; (i) provide easy access to the eyes and ears; (j) minimize attenuation and artifact; (k) pro vide a reference for head orientation that can be easily applied to PET, SPECT, CT, and MRI imaging modalities.
A noticeable feature of the literature on head holders, with several exceptions (Kingsley et aI., 1980; Conti et aI., 1982) , is the lack of quantitative data on the degree to which various designs have succeeded in achieving head immobilization and re positioning accuracy. We suggest that future de scriptions of headholders include how they do or do not conform to the above criteria with quantitative measurements for factors (a), (d), (e), and (j). In addition, definitions of standards might be desirable before different research groups attempt to pursue collaborative research projects.
